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I. INTRODUCTION

The U.S. Army has a special requirement for a diesel fuel which will perform

satisfactorily in diesel-powered combat vehicles but would self-extinguish in

case of ignition by ballistic penetration or other unwanted ignition sources.

The main thrust for this investigation was experience gained in Southeast Asia

and in the 1973 Arab-Israeli conflict, which indicated that fuel fires can be

a major cause of ground vehicle and pereonnel losses. These results, which

were obtained from studies conducted by the Survivability Office at U.S. Army

Material Systems Analysis Activity (AMSAA)(I, indicated that, if catastro-

phic fuel fires could be eliminated, personnel would have increased chances

for survival, and chances of repair or salvage of vehicles would be improved.

Thus, cost effectiveness would be realized not only in reduced key personnel

losses, but also through improved supply otf ritical tactical equipment in an

area where resupply may be impossible.

A. Background Information

Six generations of fire-resistant fuel have ,een investigated by the Army, and

these are summarized in Table 1. (2,3) The last approach was selected for

developing fire-resistant fuels (FRF) fcr diesel-powered ground equipment.

The selected approach involves the inclus.- )n of surfactant-stabilized emulsi-

fied water in diesel fuel. Screening stucdes followed by laboratory, bench-

scale, and full-scale experimental investigations have led to the development

of clear-to-hazy fire-resistant microemulsions of 10 vol% water and 6 vol%

surfactant formulated in DF-2 diesel fuel. The surfactant comprises a mixture

of reaction products formed from two moles of diethanolamine and one mole of

oleic acid, or 1.009 moles of oleic acid in a modified version of the surfac-

tant.

Because of complexities resulting from variations in the composliton of the

base fuel, emulsifying agents, and water, extensive laboratory evaluations of

physical and chemical properties have been an essential element of the FRF

development program. It should be mentioned that the development of the

surfactant required to produce the FRF blend has been based on typical fuel

formulations--not on modifying the fuel to accommodate the surfactant.

• Superscript numbers in parentheses refer to the list of references at the

end of this report.
5
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TABLE I. SIX GENERATIONS OF FIRE-RESISTANT FUEL FORMULATIONS

INVESTIGATED BY THE U.S. ARMY

1. Fuel gellation just prior to hazard occurrence (Initiated by U.S. Army

Aviation Material Laboratories--1964-1966).

2. Semisolid, but pumpable, fuel-in-water emulsions (Initiated by U.S. Army

Aviation Material Laboratories--1965-1970).

3. Viscous-liquid, fuel-in-water emulsions (Initiated by U.S. Army Coating

and Chemical Laboratories--1969-1972).

4. High molecular weight polymeric additives for inhibition of mist forma-

tion (Initiated by U.S. Army Coating and Chemical Laboratories--1971--0).

5. Volatile halogenated fire suppressant as fuel constituent (Initiated by

U.S. Army Ballistic Research Laboratories--1972-1976).

6. Nonviscous, water-in-fuel emulsions (Initiated by Fuels and Lubricants

Division, Energy and Water Resources Laboratory, U.S. Army Mobility

Equipment Research and Development Command--1976--p-).

6
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Laboratory evaluations have also included determinations of thermal stability,

surface tension, eleccrical conductivity, low-temperature flow properties,

foaming, and elastomer compatibility. Table 2 is a comparison of properties

TABLE 2, REFEREE-GRADE-BASE-FUEL FRF SPECIFICATION-TYPE PROPERTIES

Base Fuel Plus

Referee-Grade Base Fuel Neat Base 10 vol% Water
MIL-F-46162A(MR)II Fuel Plus 6% Surfactant

Gravity at 15.6*C, 0API 36.1 36.1
Density at 15.6*C, g/ml 0.844 0.857
Cloud Point, *C -21 --

Pour Point, *C -24 -23
K. Viscosity (37.8*C), cSt 2.17 at 40*C 3.52
ASTM Distillation (D 86), *C
Initial Boiling Point 166 ---
10% Distilled 219 ---
50% Distilled 244 ---
90% Distilied 296 ---
End Point 358 ---

Carbon Residue on
10% bottoms, wt% 0.15 0.20

Sulfur, wt% 0.35 0.29
Cu Strip Corrosion, 3 hr

at 50 0C lA 1A
Ash, wt% 0.01 0.00
Neut. No., mg/100 ml 0.01 / 0.74
Aromatics, vol% (FIA) 27.5 23 6
Heat of Combustion, Gross, J/kg 42.3 x 106 36.6 x 10
Cetane No. 48 41
Existent gum, mg/100 ml 3.9 1100

of a referee grade fuel and the FRF blend made from that fuel. Several dif-

ferent flammability evaluation procedures were employed to define the vulner-
(2,3,4)ability characteristics of FRF candidates , and the results for referee-

grade base fuel FRF formulations are summarized in Table 3. These flamma-

hility evaluations demonstrated that such aqueous microemulsions yielded

diminished mist flammability while either eliminating pool burning or pro-

viding rapid self-extinguishment of pool fires, even at fuel temperatures more

than 100 C above the base fuel flash point. Bench-scale ballistic tests, using

20-mm high-explosive incendiary tracer projectiles, and preliminary full-scale

ballistic tests, using 3.2-inch precision shaped charges, correlated with the

flammability data.

7
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TABLE 3. RErEREE-GRADE-BASE-FUEL FIkE-RESISTANT FUEL FLAMMABILITY PROPERTIES

Base Fuel Plus
Referee-Grade Base Fuel 10 volZ Water

MIL-F-46162A(MR)II Neat Base Fuel Plus 6Z Surfactant

Flame propagation across Wick burning with Wick burning only
bulk liquid surface at 77*C siiultaneous propa-

gatiou

Burns on wick at 25*C Yes Yes

Flammability of fuel mnist Extreme Moderate
at 25"C (Mist Flashback
Test)

Ballistic tests at 77*C Catastrophic fire Transient fireball
(20-mm HEIT) with self-extinguish-

ing ground fire

Flash Point, *C 61 65*

Fire Point, OC 91

Autoignition Temper-
ature, *C 224 405

* Pilot flame in Penske Martens apparatus often extinguished by water vapor.

8



Diesel engine and turbine combustor performance tests have been conducted in

which no difficulties were encountered in starting, idling, and running on FRF

formulations under typical operating conditions. As would be expected from

the water content, relative to the base fuel case, higher total fuel flow

rates are Lequired to produce equivalent power. However, in diesel engines,

full power can be generated with these microemulsions by adjustment of maximum

fuel rate settings in those diesel. engines where such adjustment is feasible.

Pertormance of these fuel formulations has been evaluated in several different

laboratory single-cylinder and multicylinder engines without alteration of

injection timing, injection duration settings, or compression ratio. Perfor-

F mance comparisons are presented in Figure 1. Also, successful 250-hour en-

, ~~~~130 S AD|c
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•,• ~120 u
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M " POWER $SvcO•[K 0 CALCULATED

S10 05
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CUE-1790 tO-4ii5 DOOV-53T 003-53 CUE-1790 L.0465 DOIV-53T M053-

FIGURE 1. PERFORMANCE OF FIRE-RESISTANT FUEL VERSUS REFERENCE DF-2

durance tests have been conducted in a single-cylinder version of the 12-cyl-

inder AVDS-1790-2C M60 tank engine. Results of these tests indicate that,

depending upon the specific engine and its operating conditions, work cycle

efficiencies may remain about the same or increase somewhat when FRF formu-

lations are used. Diesel engine exhaust measurements indicate increases in

unburned hydrocarbons, no change or increases in carbon monoxide, no change or

9
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decreasot in nitrogen oxides, and no change or decreases in particulates and

smoke. Strilar measurements ou the gas turbine combustor exhaust gases in-

dicate reduced temperatures, i-.--reased unburned hydrocarbeis, increased carbon

monoxide, and decroaaes or no chang, in smoke.

FRY formulations have been observed to be noncorrosive to carbon steel,

aluminum, and most other metals and alloys. However, because of the amine

content, they have been found to be corrosive toward copper and its alloys.

This Incompatibility with copper has been alleviated by the addition of trace

quantities (100-200 ppm) of an aryltriazole.

B. Objectives of Investigation

The purpose of the full-scale ballistic tests described in this report has

been to evaluate the fire-resistant diesel fuel (FRF) under realistic condi-

tions typical of those encountered in combat and to provide confirmLtion of

bench-scale laboratory flammability and ballistic tests. Results also are

cxpected to provide guidance for future development or modification of lab-

oratory flawmability/vulnerability evaluation tcchniques.

II. APPROACH

A. Liaison With Military and Industrial Organizations Planning Full-

Scale Ballistic Evaluations of Armored Vehicular Fuel Tanks

During the initial phase of this progra1i, contact was established with persons

and organizations planning to conduct full-scale ballistic tests of armored

vehicles to propose interfacing this program with such ongoing programs.

Since the ballistic threat to military combat vehicles varies with the types

of vehicle, no one facility was planning to evaluate all types of military

vehicles. Also, it was ascertained that planned full-scale tests would not be
conducted during the period of performance of this contract. Accordingly, it

became evident that a special series of full-scale ballistic evaluations would

be required to meet the objectives of this program.

10
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B. Bench-Scale Laboratory Flammability and Ballistic Tests

Existiun flambability/vuluerability pLoperty data, which are to be confirmed

by full-rcale FRF ballistic tests, have been evaluated with bench-scale lab-

oratory flammability and ballistic tests developed by AFLRL. These techniques

are briefly described in the following paragraphs.

It has been shown in the laboratory that mist flammability and pool-burning

effect. can be evaluated by the AFLRL impact-dispersion technique, which Is

illustrated in Figures 2 and 3. (2,3) Impact-dispersion experiments i':e

conducted in a well-ventilated, enclosed facility developed for this purpose

(see F)gure 2)., These tests involve allowing a 2-liter glass vessel, con-

taining about 1.2 kg of fuel, to fall freely 6 meters onto a steel. target

plate with the point of impact being surrounded on two sides by gas pilot

flamn3. The target plate comprises a horizontal (see Figure 3), elevated

2.5-cm thick steel plate with electric surface heaters attached to its under-

side so that its upper surface temperature can be adjusted and controlled.

The glass containers are filled to an ullage of about 2 percent of the total

volume for each test. A television camera, located about 6 meters from the

impact point, is used to document test results on video tape. A background

grid provides a dimensional frame of*reference, and subsequent examinatton of

the videotape by slow motion (and stop action) provides reduced data. To s t s

are conducted at several different temperatures, from about 25' to 99%C, hy

preheating the fuel sample and the steel target plate independently to the

desired temperatures. This procedure has been shown to provide a quick,

inexpensive, repeatable method for evaluating mist flammability and pool-

burning characteristics of fluids.

The most severe flammability test presently conducted at AFLRL is the 20-mm

HEIT ballistic test.(2,394) This ballistic test is a relatively inexpensive

procedure developed to provide a means for evaluating the relative fire vul-

nerability of various fluids of interest for Army applications. The technique

employs 20-mm high-explosive-incendiary-tracer projectiles fired into partly

filled fluid containers. It yields repeatable results which establish both

transient fireball effects and residual pool-burning' tendencies. The ball-

17
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FIGURE 2. ILLUSTRATION OF IMPACT DISPERSION TEST FACILITY
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RELEASE MECHANISM LOWERED FOR DTSPLAY

12

* ,.



te c est procedure util1izes three major components: a 20-wmu Mann rifle

as~aby;a ftoe1 tank target, including an actuator plate; arid video and I 6-mm

movie film reeovdfiip equipment. Figure 4 illustrates the overali experimental t

setlip. The himicy I hvlerical target enclosure is constructed From corruga ted

steel culvert pipe, (0.3-cm thick, 4.6-rn wide, 2.7-m high, and 3 .3--m deep. The

20-mm Mann rifle i.8sembly is located under an open shed with the rifle barrel

being mounted Iin a univ-rsal cradle. All firings and high-speed 16-mm re-

cordings are remotely trIggered by a solenoid. A real-time ',6-mmn miotion

* picturt) camera and a video recorder are used also to documeat the events

following impact.

Figure 5 illustrates the fuel target assembly. The target Is -in expendable

114-liter rsteel d&atm ineeting DOT-I7E--203-73 specifications This- moderately

p~riced target provides consistent responses to the ballistic impact. Projec-

tile impact plates are placed 0.3 m in front of the face of the drum to serve

as fuse actuator plates. These 0.3-rn square plates are fabricated from 0.6-cml

thick 6061-T6 aluminum.

A relatively high fluid test temperature (77*C) was selected for this test

with the objective of providing a severe fire-hav.ard exposure. Military

studies have reported hulk fuel-temperatures tip to about 77*C in desert oper-

ations. On this basis, the test procedure liar, appeared to provide realistic

atsessment of the ballistic vulnerability of candidate fire-resistant fuels.I
The~ repeatabili1ty anid reliability of the method have been shown to be satfs-

fac tory.____

C. Use of Actual Armored Vehicles and Their Fuel Tanks for Full-Scale

Evaluations

Arrangements were made for a series of full-scale ballistic tests to be con-

ducted by the TERA group of New Mexico TInstitute of Mining anid Technology,

Socorro, NM. These tests utilized 3.2-inch precision shaped charges fired

through the armor of a battle tank hulk (M48) and a personnel. ca'rrier hulk

(MI113) into the fuel tank mouinted against the interior wallI. of thL3 vehicle.
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Warheads were obtained by USAMERADCOM from U.S. Army Ballistic Research Lab-

oratories (USABRL), and extra fuel cells for the M113 were fabricated by TERA.

Diesel fuel was furnished by TERA, as purchased from local suppliers, and a

dedicated fuel tank was provided for its storage. AFLRL provided a water

deionizer system and surfactant, and AFLRL personnel participated in the

planning and conducting of the tests, including conducting all FRF blending.

IT[. FULL-SCALE FUEL TANK EVALUATION PROGRAM

A. Fuel System Vulnerability Review

A review of the vulnerability of the fuel systems indicated that specific

systems are vulnerable to specific types of ammunition. The major threvats to

armored vehicles, such as tanks and armored personnel carriers, arc.. inti.armor

warheads and missiles, whereas small arm projectiles are normally used against

jeeps and trucks. The fuel storage tanks on combat vehicles such as the M48

and M60 battle tanks are located on both sides of the engine compartment. The

results of a projectile entering this compartment is particularly severe since
the fuel. can he ignited not only by the projectile but other sources such as

the hot manifold or electrical shorts. Another factor is that the fuel. is not

only heated by recycling through the engine but also by heat radiated from the

engine. The location of the fuel cells in the M48 engine compartment tempor-

arily provides a reduced hazard to the crew since there is a firewall sepnr-

ating them from the engine compartment. However, the spillage and ignition of

several hundred gallons of fuel would destroy the vehicles, and possibly crew

members, if the fire iL- not extinguished. Armored personnel carriers, how-

ever, have their fuel tanks located within the personnel compartment, and any

bal.listic penetration causes severe damage to both personnel and the vehicle.

If a combat vehicle contained a fire-resistant fuel, it would greatly improve

chances of crew survival, especially wounded, immobile personnel.. Also, if no

sustained burning of the spilled fuel. occurred, damage to the vehicle would be

minimal.

B. Full-Scale Ballistic Tests

A series of seven tests was conducted using 3.2-inch precision shaped charges

with the M113 and M48 armored vehicles (See Appendix). The fuel used In the

15
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tests conformed to DF-2 specifications, but only those properties that would

relate to flammability characteristics were measured. Those measurements

included fia.0- point and ASTM D 86 d.isttllatton. It was interesting to note

that the ilash point of the fuel was 540 C and the test temperature was ex-

pected to be 77aC. This represented the first time that this extreme dif-

ference between base fuel flash point and fuel. test temperature would he

evaluated. However, based on flammability test results previously obtained in

the laboratory, it appeared that the fuel should self-extinguish under the

proposed test conditions.

The data recorded in this series of ballistic tests included 16-mm movie
coverage (both real time and high-speed), pressure measurements, and vehicular

interior temperature. The overall positioning of the camera's and sensors is

shown in Figure 6. As is shown in the figure, there were tw', cameras (real

time and high-speed) covering exterior response to ballistic penetration of

both the M112 and the M48 tank. However, inside cameras were only used with

the Ml13 since the crew compartment of the M48 is separated from the engine

compartment by a solid firewall. Pressure and temperature measurements were

made in both the M113 and M48 tests.

The overall results indicate that the FRF blends successfully eliminated the

catastrophic residual burning that was observed using neat fuel. m I I ar

results were obtained in both the M113 armored personnel carrier and thi M48

tanks. Each test i3 briefly discussed as follows.

M113 Armored Personnel Carrier Tests

Test I

(AZ04lAO)

Vehicle Configuration: Ramp closed.

Fuel: Neat fuel--flash point 54"C(130°F).

Fuel Test Temperature: 77°C(170*F) approximately.

Fuel Volume: 230 liters (bO gal.) fuel, tank volume is approximately 300

liters (80 gal.).

*1 16
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Type Projectile: 3.2-in. precision shaped charge.

Test Results; A large mist fireball was observed upon impact followed by

residual burning within the crew compartment and engine compartment (housing

the interior cameras). As fuel continued to slowly spill ort the ground, a

large amount of pool burning occurred, virtually engulfing the Vehicle. Fire

department assistance was required to extinguish the fire.

Interior Temperature. 565"C(Sustained).

Interior Pressure: 12 psi.

Test 2

(AZO421AO)

Vehicle Configuration: Ramp closed.

Fuel: FRF

Fuel Test Temperature: 77uC(170"F) approximately.

Fuel Volume: 230 liters; tank volume is approximately 300 liters.

Type Projectile: 3.2-in. precision shaped charge.

Test Results: A large mist fireball was observed upon impact, however, es-

sentially all pool burning was eliminated. A very snal.l. amount of burning in

the camera area (apparently involving materials other than diesel fuel) re-

quired extinguishment. No evidence of pool burning outside of vehicle was

noted.

Interior Temperature: 343 0 C (Transient).

Interior Pressure: 11 psi.

Test 3

(AZ0421BO)

Vehicle Configuration: Ramp Open.

Fuel: Neat fuel--flashpoint 54"C(130"F).

Fuel Test Temperature: 77"('(170"F) approximately.

Fuel Volume: 230 liters; tank volume is approximately 300 liters.

Type Projectile: 3.2-in, precision shaped charge.

Test Results: The large ramp forming the rear closure of the vehicle was

opened for this series of tests. The reasoning for this configuration was to

determine if oxygen starvation could be causing the FRF to self-extinguish.

18



This configuration did seem more severe as evidenced by a larger mist fireball.

and more rapidly developing total pool burning of remainder of fuel.

Tnterior Temperature: 650°C (Sustained).

Interior Pressure: 11 psi.

Test 4

(AZ0422AO)

Vehicle Configuration: Ramp Open.

Fuel: FRF

Fuel. Test Temperature: 77*C(170*F) approximately.

Fuel Volume: 230 liters, tank volume is approximately 300 liters.

Type Projectile: 3.2-in. precision shaped charge.

Test Results: A large fireball developed upon impact which was observed

inside and outside of the vehicle. The same ramp configuration was used as

described in Test No. 3. In reality, this test could be considered more

severe, than Test No. 2 since the size of the fireball is considerably larger

than when the ramp is closed. It is this mist fireball that is considered the

prl.mary ignition source for subsequent pool burning. The FRF blend, however,

was self extinguishing after the initial fireball, and no pool burning was

observed.

Interior Temperature: 650 C (Transient).

Interior Pressure: 25.5 psi (sensor probably struck by flying debris).

M48 Battle Tank Tests

The next series of tests was conducted using the M48 tank. The actual fuel

cells from the vehicle were used in this series. The total volume of fuel in

the M48 tank is approximately 800 liters and is divided into four fuel cells,

two on the side wall and two on the floor in the engine compartment. The

larger of the side tank holds approximately 340 liters and the smaller holds

approximately 170 liters. In this series, two of the large side-wall fuel

cells and one of the small side-wall fuel cells were used. The engine was

installed in its normal position for each test.

19



Test 5

(AZ0422BO)

Fuel: Neat fuel--flashpoint 54*C(130°F).

Fuel Test Temperature: 77*C(170*F) approximately.

Fuel Volume: 300 liters, tank volume is approximately 340 liters (large

tank).

Type Projectile: 3.2-in. precision shaped charge.

Test Results: A large fireball resulted when the shaped charge exploded. It

was diminihed, from exterior view, since the blast occurred within the engine

compartment. A large ground fire did develop, somewhat slowly, however,,

This burning was extinguished by the fire fighting crew.

Interior Temperature: No change.

Interior Pressure: No change.

Test 6

(AZ0424AO)

Fuel: FRF

Fuel Test Temperature: 77 0C(170*F) approximately.

Fuel Volume: 150 liters (small tank).

'Type Projectile: 3.2-in. precision shaped charge.

Test Results: A large fireball occurred when the shaped charge exploded.

There was no residual fire from burning fuel. A very small. amount of residual

burning occurred in the vicinity of the hydraulic fluid reservoir and was

attributed to accumulated hydraulic fluid.

Interlor Temperature: No change.

Interior Pressure: 3.25 psi.

Test 7

(AZ0425AO)

Fuel: FRF

Fuel Test Temperature: 77*C(170*F) approximately.

Fuel Voluinu: 320 liters (large tank).

Type of Projectile: 3.2-in. precision shaped charge.
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Test Results: A large fireball occurred from the shaped charge ignition;

however, when personnel arrived upon the scene, no residual burning was ob-

served.

Interior Temperature: No change.

Interior Pressure: No change.

Special. Observations

The purpose of the full-scale tests was to evaluate the FRF blends in a rea-

listic environment. Several factors could have had some adverse effects upon

the results. In one case, the shaped charge penetrated the 3-in. exterior

armor, passed completely through the fuel cell, and then burned through the

eagine crankcase into the empty fuel cell on the opposite side. It is quite

conceivable that if there had been oil in the crankcase, it would have ignited

and could have resulted in residual burning. In another instance, test No. 6,

the shaped charge burned through the air cleaner and spilled oil into the

engine compartment. It was possible that this oil was what was observed

burning in test Nn. 6 and not hydraulic fluid. There are also other flammable

materials that cou.d have ignited and could have resulted in continued burn-

ing. This series of tests was considered especially successful since none of

these events occurred.

IV. DISCUSSION OF RESULTS

t.- purpose of these full-scale ballistic tests was to evaluate the FRF in a

realistic situation. When extrapolation is attempted from laboratory results

to full-scale evaluations, it is very difficult to account for every important

parameter such as fuel volumes, spillage rates, debris collection, and others.

It should be emphasizea that every effort was made to conduct these tests with

a- much realism as was possible such as by using actual fuel tanks and rein-

stalling the engine for each test of the M48 battle tank.

The test series can be summarized by Figures 7 and 8. Figure 7 illustrates

the results obtained with the M48 battle tank. In one case, there was no

residual burning; however, with the neat fuel, the entire vehicle would have

been destroyed without the assistance of a fire-fighting crew. The location
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PREPOSITIONED SHAPED CHARGE FRF NEAT FUEl,

RUPTURED FUEL TANKS AFTER, 'JIEST'

*w

1~ '-I

DRAINING OF NONIGNITED FUEL AFTER FLAMING WITHIN AND BENEATIH VEHICLE

FRF TEST DURING NEAT FUEL TEI'S

FIGURE 8 DEMONSTRATION OF EFFECTIVENESS OF FIRE-RESISTANT DIElSEl, 11 ,L
(FRF) AT 77 0 C IN M113 ARMORED PERSONNEL CARRIER USING 3.2-TN(CHI

PRECISION SHAPED CHARGES (54 0 C BASE FUEL FLASH POINT)
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of the fuel tanks within the engine compartment had a beneficial effect and a

negative effect. Since the compartment is enclosed, the fuel fire developed

slowly due to lack of oxygen and surface area for ignition. In fact, the

development of the fuel fire took considerably longer than did the fire in the

M113 vehicle. Benefits of this fuel tank location is the shielding of the

personnel from the mist fire, allowing more time for extinguishment or escape.

However, since the area is enclosed, the fire is more difficult to combat and

the engine, during service, supplies a variety of different ignition sources.

Figure 8 shows the results obtained when the M1I3 armored personnel carrier

was tested. It is obvious from the photograph that there was interior burning

in the case of the charred fuel tank and no burning in the tank that looks

bright. Actually, the interior temperature of the vehicle with the charred

tank reached 6500C and the test resulting in the bright tank reached only

65%'. It would be safe to say that if personnel survived the fragment blast,

their chances of survival would be greatly enhanced when no residual burning

occurred. Obvious benefit in equipment salvageability would be achieved if

pool burning could be eliminated.

V. CONCLUSIONS AND RECOMMENDATIONS

This series of ballistic tests has shown that catastrophic fires in :irmored

combat vehicles can be eliminated by the use of fire-resistant diesl fuel.

The obvious savings in personnel and equipment could more than justify the

added cost of the modified fuel, especially considering the average time spent

in combat. The results of this investigation can be summarized as Follows:

I. Residual burning can be eliminated by the use of FRF.

?. Mist fireball development is similar for both neat and FRF fuels.

3. Transient temperatures are similar since the mist fireball development ts

similar.

.. Sustained temperatures are drastically different since the neat fuel

continues to burn both inside an6 outside of the vehicle.
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5. Fragmentation-Lhrapnel dispersal. ts not inf Itienced by thv presenct of

FR F,

6. Compartmental overpressures are not affected by FRF, anid the pressure

measurements during this tiories -f tests Indicated that overpressures may

,4ot be a problem.
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APC TEST AZO418AO

DATE: 18 APRIL 1980

TIME: 1430 MST
TEMPERATURE: 84 0 F (ambient)

WIND: LIGHT AND VARIABLE

TEST FUEL: NEAT DIESEL

FUEL TEMPERATURE: 170°F

SHAPE CHARGE: TYPE 3.2 PRECISION

TARGET VEHICLE: ALUMINUM TYPE ARMOURED PERSONNEL CARRIER

TEST CONDITIONS

An aluminum fuel cell containing 60 U.S. gallons of neat diesel
fuel was positioned adjacent to the inside wall of the APC and
secured in place using two 1/16"x2.0"x72.0" mild steel straps.
Camera installations consisted )f one each high-speed and real-time
for interior coverage and one each high-speed and real-time for
exterior coverage. Additional data gathering equipment consisted
of one thermocouple and one pressure transducer inside the APC
using a strip chart recorder for monitoring. For this test the APC
ramp was closed, and the interior fan was off.

TEST RESULTS

There was a large fireball at detonation followed by an intense
uncontrolled afterfire. The fuel cell lower restraining strap was
broken and the cell was blown loose. All fuel was expelled.
Interior temperature measured 1050*F and interior pressure in-
dicated 12 psi.
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APC TEST AZO421AO

DATE: 21 APRIL 1980

TIME: 1130 MST

TEMPERATURE: 75°F (ambient)

WIND: 8G15 MPH, SOUTH

TEST FUEL: SOUTIIWEST RESEARCH FRF-A

FUEL TEMPERATURE: 170°F

SHAPE CHARGE: TYPE 3.2 PRECISION

TARGET VEHICLE: ALUMINUM TYPE ARMOURED PERSONNEL CARRIER

TEST CONDITIONS:

An aluminum fuel cell containing 60 U.S. gallons at Southwest
Research FRF-A fuel was positioned adjacent to the inside wall of
APC and secured in place using two 1]/16"x2.0"x72.0" mild steel
straps. Camera installations consisted of one each high-speed and
real-time for interior coverage and one each high-speed and
real-time for exterior coverage. Additional data gathering equipment
consisted of one thermocouple and one pressure transducer inside
the APC using a strip chart recorder for monitoring. For this
test, the APC ramp was closed, aft and top hatches were closed, and
the interior fan was on.

TEST RESULTS:

There was a large fireball at detoriation followed by a small
isolated afterfire in the camera compartment BaTh fuel cell
restraining straps were broken and the cell was blown loose. All
fuel was expelled. Interior temperature measured 650*F and inter-
ior pressure indicated 11 psi.
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APC TEST AZO421BO

DATE: 21 APRIL 1980

TIME: 1630 MST

TEMPERATURE: 8?°F (ambient)

WIND: 15G25, SOUTH

TEST FUEL: NEAT DIESEL

FUEL TEMPERATURE: 170°F

SHAPE CHAPGE: TYPE 3.2 PRECISION

TARGET VEHICLE: ALUMINUM TYPE ARMOURED PERSONNEL CARRIER

TEST CONDITIONS

An aluminum fuel cell containing 60 U.S. gallons of neat diesel
fuel was positioned adjacent to the inside wall of the APC and
secured in place using two 1/16"x2.O0x72.0" mild steel straps.
Camera installations consisted of one each high-speed and real-time
for interior coverage and one each high-speed and real-time for
exterior coverage. Additional data gathering equipment consisted
of one thermocouple and one pressure transducer inside the APC
using a strip chart recorder for monitoring. For this test, the
APC ramp was open, the top hatch was closed, and the interior fan
was on.

TEST RESULTS

There was a large fireball at detonation followed by an intense
afterfire. The fuel cell lower restraining strap was broken and
the cell blown loose. All fuel was expelled. Interior temperature
measured 1200°F and interior pressure indicated 11 psi.

30

9',

i! jA



APC TEST AZO422AO

nATE: 22 APRIL 1980

TIME: 1145 MST

TEMPERATURE: 70°F (ambient)

WIND: 10G20 MPH, SOUTH

TEST FUEL: SOUTHVIEST RESEARCH FRF-A

FUEL TEMPERATURE: 170°F

SHAPE CHARGE: TYPE 3.2 PRECISION

TARGET VEHICLE: ALUMINUM TYPE ARMOURED PERSONNEL CARRIER

TEST CONDITIONS

An aluminum fuel cell containing 60 U.S. gallons of Southwest
"Research FRF-A fuel was positioned adjacent to the inside wall of
the APC and secured in place using two 1/16"x2.0"x72.0" mild steel
straps. Camera installations consisted of one each high-speed and
real-time for interior coverage and one each high-speed and real-time
for exterior coverage. Additional data gathering equipment consisted. oF one thermocouple and one pressure transducer inside the APC
using a strip chart recorder for monitoring. For this test, the
APC ramp was down, the top hatch was closed, and the interior fanw's on.

TEST RESULTS

There was a large fireball at detonation with no subsequent after-
fire. The fuel cell lower restraining strap was broken and the
cell was blown loose. All fuel was expelled. Interior temperature
measured 150°F and interior pressure indicated 25.5 psi.
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M-48 TESTA A0422BO

DATE: 22 APRIL 1980

TIME: 1630 MST

TEMPERATURE: 84*F (ambient)

WIND: 15G25 MPH, SOUTH

TFST FUEL: NEAT DIESEL

FUEL TEJ4PERATURE: 170*F

SHAPE CHARGE: TYPE 3.2 PRECISION

TARGET VE141CLE: M-48-Al MAIN BATTLE TANK

TEST CONDITIONS

A4 original M-48 steel fuel cell containing 80 U.S. gallons of neat
diesel fuel vas used in this test. The M-48 engine vas in place
alongside the cell. One each high-speed and real-time cameras were
used for exterior coverage only and thermocouple and pressure
transducer instrumentation was mounted inside the gun compartmienit
and monitored by strip chart recorder. Fragment entry vas from the
port side.

TEST RESULTS

There was a large fireball at detonation followed by a slow burning
but intense afterfire. Fragments exited the fuel cell expelling
all fuel into the engine compartment. Interior temperature and
pressure were not recorded.
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M-48 TEST AZO424AO

DATE: 24 APRIL 1980

TIME: 1430 MST

T EMPERATURE: 780 F (ambient)

WIND: 15G25 MPH, SOUTH

TEST FUEL: SOUTHWEST RESEARCH FRF-A

FUEL TEMPERATURE: 170*F

SHAPE CHARGE: TYPE 3.2 PRECISION

TARGET VEHICLE: M-48-A1 MAIN BATTLE TANK

TEST CONDITIONS

An original M-48 steel fuel cell containing 40 U.S. gallons of
Southwest Research FRF-A fuel was used in this test. The M-48
engine was in place alongside the cell. One each high-speed and
real-time cameras were used for exterior coverage only and
thermocouple and pressure transducer instrumentation was mounted
inside the gun compartment and monitored by strip chart recorder.
Fragment entry was from the starboard side.

TEST RESULTS

There was a large fireball at detonation followed by a small iso-
lated afterfire below the oil-filled engine air cleaner. Fragments
exited the fuel cell expelling all but:four gallons of fuel.
Interior pressure measured 3.25 psi. Interior temperature was not
recorded.
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M-48 TEST AZ0425AO

DATE: 25 APRIL 1980

TIME: 1500 MST

TDMPERATURE: 65°F (ambient)

WIND: lOG15 MPH, SOUTH

TEST FUEL: SOUTHWEST RESEARCH FRF-A

FUEL TEMPERATURE: 170*F

SHAPE CHARGE: TYPE 3.2 PRECISION

TARGET VEHICLE: M-48-Al MAIN BATTLE TANK

TEST CONDITIONS

An original M-48 steel fuel cell containing 85 U.S. gallons of
Southwest Research FRF-A fuel %3s used in this test. The M-48
engine was in place alongside the cell. One each high-speed and
real-time cameras were used for exterior coverage only and ther-
mocouple and pressure transducer instrumentation was mounted inside
the gun compartment and monitored by strip chart recorder. Frag-
ment entry was from the portside.

TEST RESULTS

There was a large fireball at detonation with no subsequent after-
fire. Fragments exited the fuel cell expelling all but ,ten gallons
of fuel . Interior pressure and temperature were not recorded.
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PENSACOLA FL 32508 NAVY PETROLEUM OFC

ATTN CODE 40
DEPARTMENT Ole THE NAVY CAMERON STATION
HQ, US MARINE CORPS ALEXANDRIA VA 22314
ATTN LPP (MAJ SANBERG) 1

LMM (MAJ GRIGGS) I CDR
WASHINGTON DC 20380 MARINE CORPS LOGISrICS SUPPORT

BASE ATLANTIC
C()R ATTN CODE P841
NAVAL AIR SYSTEMS CMD ALBANY GA 31704
ATTN CODE 52032E (MR WEINBUNG) I

CODE 53645 1 DEPARTMENT OF THE AIR FORCE
WASHINGrON DI, 20361

HQ, IJSAF.
CDR ATTN RDPT (MR EAFFY)
NAVAL AIR DEVELOPMENT CTR WASHINGTON DC 20330
A'rTN CODE 60612 (MP, L STALLINGS) I
WARMINSTER PA 18974 CDR

US AIR FORCE WRIGHT AERONAUTICAL

CDR LAB
NAVAL RESEARCH LABORATORY ATTN AFWAL/POSF (MR CHURCHILL)
ArTN CODE 6170 (MR H RAVNER) I AFWAL/POSL (MR JONES)

CODE 6180 1 WRIGHT-PATTERSON AFB OH 45433
CODE 6110 (DR HARVEY) I

WASHINGTON DC 20375

AFLRL Report 130
7/80
Page 4 of 5



CDR US DEPARTMENT OF ENERGY

USAF SAN ANTONIO AIR LOGISTICS DIV OF TRANS ENERGY CONSERV 2
CTR ALTERNATIVE FUELS UTILIZATION

ATTN SAALC/SFQ (MR MAKRIS) 1 BRANCH
SAALC/MMPRR (MR ELLIOT) 1 20 MASSACHUSETTS AVENUE

KELLY AIR FORCE BASE, TX 78241 WASHINGTON DC 20545

CDR DIRECTOR

US AIR FORCE WRIGHT AERONAUTICAL NATL MAINTENANCE TECH SUPPORT

LAB CTR 2

ATTN AFWAL/MLSE (MR MORRIS) 1 US POSTAL SERVICE

AFWAL/MLBT I NORMAN OK 73069
WRI(HT-PATTERSON AFB OH 45433

US DEPARTMENT OF ENERGYSCDR BARTLESVILLE ENERGY RSCH CTR
IUSAF WARNER ROBINS AIR LOGISTIC DIV OF PROCESSING & THERMO RES I

CTR DIV OF UTILIZATION RES I

ATTN WR-ALC/MMIRAB-1 (MR GRAHAM) I BOX 1398
RO'I[NS AFB CA 31098 BARTLESVILLE OK 74003

OTHER GOVERNMENT AGENCIES SCI & TECH INFO FACILITY
ATTN NASA REP (SAK/DL)

US DEPARTMENT OF TRANSPORTATION P 0 BOX 8757
ATTN AIRCRAFT DESIGN CIUTERIA BALTIMORE/WASH INT AIRPORT MD 21240

BRANCH 2

FEDERAL AVIATION ADMIN
2100 2ND ST SW
WASHINUTON X 20590

P US DEPT CF TRANSPORTATION
NATIONAL AVIATION FACILITIES

EXPERIMENTAL CENTER
Arm: W WESTFIELD
ATLANTIC CITY NJ 08405
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Tablo 1L.b. Liot of, Monitoring Equipment

Equipment
shelter Paramteer Instrument Voltage

AI.t No, Shelter No. Dimenuion, Measured Manufacturer Output

IN10f Prolpelled ýP',°l'x 141* No, Nox Thermo Electron lOV
IPTA 0111 Company (TECO)

Bendix IOV
IV

inglo pein strip chart recorder. (,CR)
for each parameter.

Nolir Propel led 2.' zxlw3jo)** w) Bendix IOV
"M•1k1+0vrmdl XPA 01?C) 03 MAN ia) I

it() fiondix IV
NOX Atotl ix IV

Wind )iree-
t ion &
Ve ot! i ty 01, imCl t ronic a

Hilngo penill crip chart recorders (SCR)
for oech pariminter which is also input
into data proce•snlg comlputer.

'I Tri i, Ml 4' x14 * IO BeRndi, x lOV
IA 0' 11 IV

NOx No TK1C) 1OV
Wind Dire ..

WI ntl. t
Vel cil Ay imet
Wind D)ire It•t

Veloci t'y
0~ Dirnen1-
11onP) MKI Vector Vane

'C1omperaturn

'r'Omp p r a t tn11 Gl imet

GIrad lent

1ing1'k pen NOR for each paramter.

4tlii f l 'n amllp la1d l11a1w1 an NOx Bendix IV
PI'A #AI'i fI. I (CO Dendix 1OV

IV

Hinigl poeln 8CR for each parameter.

4 n ll'i r pen HCR coordinated to common
time reference to .imultaneouuly record
concentratinons at Sites 1, 3, 4, 5, 6.
Data logger computer to record 15 chin-
oeal of data from Sites 1, 3, 4, 5, 6.

Hal""e 40 NOx Bendix IV
XI'A #•15 'lit. 3

Hingle alfn 8UR for each parameter

Tr a MIci Non" am (XW bendix 1OV
KPA #05 6 Hite :0

C01 Knergetic
Science. Co. (2),
mobile

HIC Beckman 400

,lingle pen •CR for each parameter

*Irnccin ii o Ali,' litaka Probe,

**lIkI1,11dlus 22 .olt, hllllh w~hld Nat.,

• [ ' ,.----------•
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